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ABSTRACT. The distribution of positive ions in the F-region of the ionosphere is 
controlled mainly by the following processes:
(а) photo-ionization of atmospheric constituents,
(б) ion-atom interchange,
(c) dissociative recombination of molecular ions with electrons and
(d) diffusion and drift of ionization.
Of these processes, the rate of production of ions from photoionization can be calculated 
with a fair degree of accuracy from rocket data (Hinteregger, 1961) of the solar spectrum in 
the ultraviolet and x-ray regions. The rate coefficients of dissociative recombination process 
are known but the rate coefficients of ion-atom interchange reactions, which are responsible 
for reshuffling the ions, are not available. From the rocket-borne experimental determination 
of percentage of ion compositions (Johnson, 1961), the rate coefficients of these reactions 
are obtained.
In order to reproduce the known ion composition, the rate coefficients of ion-atom inter­
change reactions should vary with altitude. Assuming that the temperature dependence of 
the above process is analogous to that of a two-body chemical reaction, their altitude variation 
and activation eneigies are obtained. The rate coefficient of the reaction,
0++02-^02+ + 0
at SOO^ K is found to be 3.07 X lO'^ i cms/sec which agrees with the experimental value of 
2.5db0.4 X 10~ii oms/sec obtained by Dickinson and Sayers (1960) at the same temperature.
INTRODUCTION
To understand many upper atmospheric phenomena, e.g., night airglov, 
aurora, twilight airglow etc., the processes controlling the distribution of ions and 
electrons in the upper atmosphere should be clearly understood. It has been 
realised by many workers (Martyn, 1959, Yonezawa and Ti^haahi, 1960, Bates 
and Nicolet, 1960, Hertzberg, 1961) that the following processes together with 
the difiiision of ions and electrons are mainly controlling the distribution of ions 
in the ionosphere.
(1) photodonization of the atmospheric constituents,
(2) ion-atom interchange, and
(3} dissociative recombination of molecular ions with electrons.
*  Now at the OqMftment of Physios, Jodhpur University, Jodhpur, TnJiiv.
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However, the relative contributions of these processes in controlling the distri­
bution of ions in the ionosphere is not yet definitely kno^.
With the exception of the ion-atom interchange reactioiis, the rate coefficients 
of the above processes are known. In this paper from the rocket-bome experi­
mental determination (Johnson, 1961) of the percentage of ion composition upto 
220 km, the rate coefficients of these reactions are obtained. Using these rate 
coefficients, the ion distribution in the F-region is calculaled upto 400 km. It is 
found that above 180 km, division and ion drift must be |»ken into account to 
obtain the correct ion distribution with height.
D A Y T I M E  I O N O S P H E R I C  P R O C E S S E S
The ionization of the upper atmospheric particles, which consists mainly 
of Oj, Nj, 0, N and NO, is caused by solar radiations in the X-ray and ultraviolet 
regions. Bates of production of ions by X-ray have been calculated by Qhosh 
and Sharma (1961). In addition to ionization by X-rays, Ghosh and Shardanand 
(1960, 1961) considered ionization by ultraviolet radiations and that produced by 
Auger electrons and photoelectrons.
Bates (1965) showed that primary photo-ions are reshuffled by the ion-atom 
interchange process. To obtain daytime ion distribution in the F-region, consider 
the possible ion-atom interchange reactions as given by Hertzberg (1961), namely,
0++N,-> 
0 + + 0 .-+  
N+-f-Og-> 
N ++0,-» 
0,+-fN-> 
0|+-4-N|—> 
Ng+-l-0-+ 
N,+-f-N-»
Ng+-fOa-^
NO+-I-N+1.114 ev 
Oj++0+1.53 „
NO++O+6.70 „ 
N0+0++2.32 „ 
N0++0+4.23 „ 
NO++NO+0.99,, 
NO++N+3.10 „ 
Ng+N+-fl.04 „
NO++NO-f4.50 „
(la)
(lb)
(lc)
(ld)
(le)
(lf)
(lg)
(lh)
(li)
The reaction Og++N-*NO+0+ which has been considered by Hertzberg has 
been neglected in our analysis as the reaction is endothermic (Bates and Nioolet, 
1961).
The following recombination reactions are considered:
O'-fO' 
N*++e-» N '-f N' 
NOt+e-» N'+O'
(2a)
(2b)
(2o)
where (') signifies the? excited species.
(Due to the high nte of photo-dissociation of negative ions, its presence has 
been neglected while oonridering the da3rtime equilibrium of positive ions).
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*' The equations governing the da3rtirae distribution of positive ions in the 
F-region are given by :
(3a)
A^ere n(02), n(Na), n(0), n(N) and n(NO) are denoted by a, b, c, d emd e 
respectively. n(02+), n(N2^ ), n(0+), n(N+), n(NO+) and n(e) are represented by 
Xi, ^3, and N respectively. J ,^ and are the probabilities o f
photo-ionization of Og, iV^2> NO. /?i, A  coefficients
of dissociative recombination reactions (2a), (2b) and (2c) respectively.
. I f  a,, (r,=  1 , 2, 3, ... 9) denotes the rate coefficients of ion-atom interchange 
ructions (1 ), we have
t== J^a-^(X2ax^--Xi{a^d+ocQh+fiiN)
~i** A2N)
Xz =  JzC+a^ax^-~X2{aJ)+a2a) 
r ’ ' ' / • * ‘ '
. x^ =  J^ d+a^ dx27-Xj^ {oL^ a-\-oi^ a)
r= J e^+a^hx^+a^ax^~\-x [^a^d+0Ljb)^X2[ctTC+CL^a  ^
^Kquations (3b) to (3f) can be written as,
X 2 = —m2^2+h
( is =-'^33^3+^34^4+i^3
a?4 = — 'i^ 44X^ ~\-'M^ 2X2~^ i^/ ••.
Vhere,
(■'
•)
•V
tfiii —
»i22 =  otyC +a^+a^a+fig^
wigs =
=  oc^+a^a W63 =  a^ b
»»66 =  fiaN W54 === aga
Wu =  a^a
mj4 =  a^a Za - / 2 f t
»»42 == agd Ig TSi JgC
mji =  a id +a jb  " ' Z4 =
m „ =  OjC+Xta Z5 S=5 tf56.
(3b)
(3c)
(3d)
(3e).
(3f)
(4a)
(4b)
(4c)
(4d)
(4e)
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Denoting the initial concentrations of positive ions a;®,- (i =  I, 2, 3, 4, 5), the 
solutions of equation (4) are obtained. For example, the solution of equation 
(46) is given by
. - :c A  e- 
^22  ^ ^22 '
k rn>2'i i (6)
In a similar manner the other solutions can be obtained.
Substituting the numerical values of various quantities in equation (6), 
daytime distribution of ions at different altitudes can be calculated.
C A L C U L A T I O N  OF I O N  D I S T R I B U T I O N  
F O R  T H E  F - R E G I O N
Using equation (5), the ion distribution in the F-region is calculated after 
determining the rates of production of ions and (U)nstants (m*) at different alti­
tudes.
(a) Halts of production of ions
To determine the rates of prodiudion of ions, the following procedure is 
adopted :
The number of photon**, r^ (Av)2, incident per scj. cm pc‘r second corresponding 
to frequency v at an altitude z is given by,
n(hv)  ^ ^  exp {—^n{i)Jiu(r^i) ... (0)i
where,
w(Av)gj—number of photons of frequency v at the top of the atmosphere, 
pa r^ticle concentration of i-th constituent at the altitude Zy
Hig—scale height of the i-th constituent at the altitude s, 
and —absorption cross-section corresponding to fre(j[uency v for the i-th
constituent.
The wavelength region 1000—100 A, which is mainly responsible for the 
photo-ionization of F-region, is divided into intervals such that within each inter­
val the absorption coefficient is practically constant. For oxygen and nitrogen 
atoms, the photo-ionization cross-sections given by Dalgarno and Parkinson 
(I960) were utilized. The absorption cross-section of upto 500A as given by 
Watanabe (1968) and below it those obtained by Weissler et al (1955), are taken. 
For JVa upto 303A absorption cross-section given by Watanabe (1958) and below 
it those obtained by Weissler et al (1952) are assumed. Miller's (1957) model 
of atmospheric composition and scale heights as given in ARDO model atmosphere 
1959 are used. Thorough mixing is assumed upto 150 km for and upto 180 km 
for Ng, N and 0 . Above these heights diffusive equilibrium is considered. Values 
of n(Av) have been taken from the results of rocket-borne experiments extra­
polated by Hinteregger (1961).
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The rates of production of photo-ions produced due to ionization of the 
i-th constituent is cahjulated from the expression,
V
n(i)^  • (Tpi == • cr,i n{i), • Ju
where, Ji^  is the probability of ionization of the i-th constituent at the altitude 2.
The absorption coefficients and atmospheric composition as mentioned 
above have been used. The calculated rates of production of ions are given in 
Table I. The production of NO^ " ions due to photo-ionization above 120 km 
has been iK g^lected owing to the small density of NO molecules. Tlie ionization 
due to solar X-rays is significant only below 160 km and is sliown in Table I.
(b) Determiimtion of oonstaMs m*
The constants m* are controlled by rate coefficients of ion-atom intcu’changc^  
(a*) and dissociative recombination (/?^ ) processes. Thc^  electron density used 
in the calculations has been taken from ro<‘kct-borne experimental data obtained 
by Nisbet (1960). It is assumed that the rate cjoefficdents of ion-atom inttu*change 
and dissociative recombination processes are constant. Taking known values 
of a* are fixed at 150 km so as to give the ol>servcd peii'cntage distribution 
of ions (Johnson, 1961). Using above values of of and c(piilibrium time (Table 
II) is calculated for each ion and it is found that excej)t for 0+ and NO+ above 
320 km, equilibrium is established 'vvithin a short time. Taking above values of 
a* and the ion distributions are (calculated up to 300 km. Thes(i distributions 
are compared with those obtained from Johnson’s data (Fig. 1). It is found that.
Ion density (cm"“3)
Fig. 1. The altitude variation of positive ions concentration in the F-region assuming the 
same rate coefficients for every altitude as that fixed for 160 km.
(i) the calculated distributions do not agree with the observed distributions 
below and above 150 km and that the discrepancy between two distri­
butions is greater above 180 km, and
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TABLE II
Equilibrium time (tlie time required to attain 1 /e-th of the equilibrium 
concentration) for various ions
Altitude
(km)
Tim© of ©qui ibrium for
No+ 0+ N+ NO+
120 2 2 . 4 HOC 0.22 sec 0.65 see 11.96 sec 0 . 65 sec
160 1.03 mts 0..56 HOC 28.8 sec 1. 55 sec 28. 8 sec
200 2.81 »» 1.02 tt 5.4 mts 9.35 „ 5.4 mts
240 1.99 »» 1.61 tf 35.0 „ 1.03 mts 25.0 „
280 1.15 tf 1.43 ft 2 . 65 hrs 4.80 „ 2.65
320 1.16 ft 1.57 tt 9.53 „ 17.67 . . 9.53 „
360 1.61 tf 2.25 tt 28.61 „ 54.33 „ 28.61 „
400 2.21 ft 3.12 tt 75.56 „ 2 . 44 hrs 75.56 „
TABLE III
Altitude Variation of the Effective Recombination Coefficient a^ ff 
(assuming — ] x  10~®cm®/sec, ^  4 x  cm^/sec and /?3* as follows)
Altitude
(km)
8 eC~i)
Calculated
sec-i)
Havens et al 
(1954)
120 5.5x10-8 5.0x10-8 1 .6 x 1 0 - 8
140 1.5=10-7 1.4x10-7 —
150 1.3x10-7 1.1X 10-7 1.6x10-8
200 7.5x10-9 4.4x10-9 2.0x10-9
250 3.0x10-9 1 .1X 10-19 1.3x10-19
300 — l.lX lO -n 1.6x10-11
340 — 7.2x10-12 5.0x10-12
360 — 7.5x10-12 3.0x10-12
400 — 7.4x10-12 1 . 8 x 1 0 - 1 2
♦Bortner and Baulknight (1961) hav© recently reported that and ^ 2  are temperature 
dependent whereas is independent of temperature. Their values are pi = 9 .1  XlO**® 
p2 l.lXlO-5 T-J/2 ond/Ss =  lx 10-8,
(ii) total number of positive ions is not equal to electron density.
From above, it is clear that m* should vary with altitude. It is generally agreed 
that dia.sociative recombination coefficients are constant (their dopendanco on 
temperature is not known, Bates and Nicolet, 1960). Therefore, keeping fi* 
constant, a* are fixed at each altitude to reproduce the observed ion distribution. 
It is found that a* increase upto 180 km and then decrease. /?* can be kept cons­
tant only upto 180 km and above it they have to be deereased together with 
a*. It should, however, be noted that effective recombination (coefficient Xgff 
calculated from the expression.
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N
agrees with those obtained by Havens et al (1954) except for the J’^-layer (Table 
III)
The rate coefficient for dissociative recombination of NO+, could not be 
kept constant for all altitudes as assumed earlier. From Eqn. (3), it is seen 
that /?3 appears in the last equation and is therefore solved at the end. I f  a fixed 
value of figia&y 1 X 10~® cm*/sec) is taken, the density o f NO+ ions at lower alti­
tudes exceeds the electron density which is not tenable, has to be taken as 
high as 1 .5x10“ '' cm®/8cc at 140 km which is decreased to 2 .3 x 1 0 “ ® cm®/sec at 
180 km in order to reproduce the observed distribution of NO+. /?3 as low as 
3.0 x  10“ ® cm*/sec, as suggested by Bates and Nicolet (1960), reproduces the 
observed distribution of NO+ above 180 km and is kept constant for higher 
altitudes.
Burkard (1962) has suggested that should vary approximately linearly 
with temperature. In our analysis, we obtained that increases approximately 
linearly with temperature (upto about 140 km) and that for higher temperatures 
it decreases exponentially with temperature. This variation in )?3 may be due 
to the fact that we have assumed fii and ^ 2  independent of temperatme whereas 
Bortner and Baulknight (1961) have shown that =  9.1 x  10—® T~ ,^ =  1.1 x
10“ 6y - i /2 _  1 .0x10“ ® cm®/sec. The values of and used by us are,
of course, o f the same magnitude (in the P-region) as those reported by Bortner 
and Baulknight. However, further investigations are needed to verify these 
resrdts.
Prom above, it seems that the situation above 180 km is not so simple as 
assumed above. It has been shown by many workers that above 180 km, 
diffusion and ion drift play an important role in the distribution of ions and 
electrons.
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B A T E  C O E F F I C I E N T S  OF I O N  — A T O M  
I N T E R C H A N G E  R E A C T I O N S
The rate eoofficicntft of ion-atom interchange reactions except for are not 
determined experimentally. a2 has been measured by Dickinson and Sayers 
(1960) to be 2.5 J_ 0.4 x 10“ ^^ cm^/scc at 300^K. Since the ion atom interchange is 
a two-body proec'ss, its coefficient is likely to increase with temperature analogous 
to the rate coefficient of two-body chemical process. Bates and Nicolet (1960) 
pointed out that the rate coefficients of these reactions sliould bo an increasing 
function of temperature and that these might possess some activation energy or 
steric hindcrance. We have, therefore, assumed that the rate coefficients vary 
as,
ccj. =  Or exp {—Ej.lRT)
where, r — 1, 2, 3, ... 9, R is the gas constant and Ej. represents the activation 
energy. Graphs between log  ^ar and I (the values of are already fixed between 
120—180 Ian) are found to be straight lines (Fig. 2). They are tiien extrapolated 
to obtain a* at higher altitudes (Table IV). From Fig. 2, it is seen that the magni-
Fig. 2. The variation of rate ooefficiontPi of ion-atom interchange reactions with temperature.
tudes of ct* do not differ appreciably above 200 km as 1/T remains approximately 
constant (ARDC Model Atmosphere, 1959). The values of a* at 200 km have 
been used for higher altitudes.
From Table IV, it is seen that the rate coefficients and of ion-atom 
interchange reaction involving A+ ion* and Og vary between 10“ ^^ and 10“  ^cm®/sec 
and that their activation energies are very high i.e. 7.74 Kcal. Since the densiyt 
;of N+ ions is very small, the effect of those rate coefficients on the distribution 
of ions is small. The values of and above 180 km agree with the theoretically 
calculated order of 10~® cm~®/sec for such a reaction (Bates and Nicolet, 1960). 
However, such a high value of rate coefficients has not been obtained for other
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reactions wliicli usually vary between 10“ ®^ to 10” ®^ cm^/sec. Table IV further 
shows that reactions involving the same ion have nearly equal activation energies.
The value of is found to be 3.07 X 10“ ^^ cm®/sec at 300®K which agrees 
with the experimentally determined value (2.5 i  0.4 X 10” ^^ cm®/sec) of Dickinson 
and SayeTS (1960) at the same temperature. We obtained the values of and 
0C2 for 1415°K to be 3.0x 10~^ ® cm^/sec and 1.6x 10“ ®^ cm®/sec respectively. 
Bates and Nii^olet (1960) also found that and ag differ by two orders at 250 km 
which, according to ARDC model atmosphere, 1959, has a temperature of 1415°K. 
It should, however, be noted that the reactions (la) and (16) prossess very small 
activation energies, and therefore, they seem to be important reactions in the 
ionosphere. Reaction (la) is probably very important in the Fg region where 0+ 
ions and Ng molecules are in abundance. Through this reaction, 0+ ions are 
converted into NO*’“ ions which readily dissociates (y?3~ 1 .0 x 10~® cm^/sec) into 
nitrogen and oxygen atoms. The intensity variation of A 6300 with altitude 
in twilight and day airglow may be able to show the importance of the two con­
trolling processes (la) and (lb) in the higher region of the F-layer.
E F F E C T  OF D I F F U S I O N  ON I O N  D I S T R I B U T I O N S *
Using the above values of a* and ion densities are calculated, which are 
found to be lower than the observed values above ISO km. The discrepancy 
can be accounted for, if diffusion and vertical drift are taken into consideration.
Fig. 3. The distribution of positive ions in th© F-r©gion of the ionosphere.
*The diffusion of ions and electrons has been considered qualitatively by K. D. Sharma 
(D. Phil, thesis, University of Allahabad, 1962),
wIt is found that for altitudes betwe('n 200 and 220 lun (above which the observed 
percentage ion distribution is not available), the discrepancy can bo partially 
explained if the contribution due to diffusion is taken i?i the same proportion as 
the percentage of ions (Johnson, 1961) Fig. 3. To obtain more accurate agreement 
the vertical drift should also be considered.
E F F E C T  OF T H E  V E E T I O A L  D R I F T
From the expression for the vertical drift, (Ferraro, 1061), we have
IF =  f  {N w ). 
oz
If it is assumed that the drift volo(;ity, co, is constant at every altitude, we then 
have,
SN
Sz
By assuming that the difference in the total iiuinher of positive ions and the 
oleiitron density at 200 km is caused by the v(‘rtical drift, 6) is found to be about 
16 metres/sec-. This is of the same order as olitaincd by JVrraro (1061) in the 
F-region (10 metros/see).
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